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a b s t r a c t

The magnitude and the quality of humoral responses against SARS-CoV-2 have been associated with
clinical outcome. Although the elicitation of humoral responses against different viral proteins is rapid
and occurs in most infected individuals, its magnitude is highly variable among them and positively
correlates with COVID-19 disease severity. This rapid response is characterized by the almost concom-
itant appearance of virus-specific IgG, IgA and IgM antibodies that contain neutralizing antibodies
directed against different epitopes of the Spike glycoprotein. Of particularly interest, the antibodies
against domain of the Spike that interacts with the cellular receptor ACE2, known as the receptor binding
domain (RBD), are present in most infected individuals and are block viral entry and infectivity. Such
neutralizing antibodies protect different animal species when administered before virus exposure;
therefore, its elicitation is the main target of current vaccine approaches and their clinical use as re-
combinant monoclonal antibodies (mAbs) is being explored. Yet, little information exists on the duration
of humoral responses during natural infection. This is a key issue that will impact the management of the
pandemic and determine the utility of seroconversion studies and the level of herd immunity. Certainly,
several cases of reinfection have been reported, suggesting that immunity could be transient, as reported
for other coronaviruses. In summary, although the kinetics of the generation of antibodies against SASR-
CoV-2 and their protective activity have been clearly defined, their role in COVID-19 pathogenesis and
the length of these responses are still open questions.
© 2020 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).
1. Introduction

The severe acute respiratory syndrome coronavirus 2 (SARS-
CoV-2) zoonosis causing Coronavirus disease-19 (COVID-19)
emerged in late 2019 in China and rapidly spread worldwide,
altering the established societal, economic and scientific priorities
[1]. Scientific efforts to understand and control this new infection
have not only focused on the discovery of optimal treatments and
vaccines to reduce the clinical impact and spread of the disease
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[2,3], but also on the understanding of the interplay between the
new virus and immune system [4]. This is a key piece of evidence
that will inform about pathogenesis, transmission and vaccine
development.

Key contributors to immunity are CD4þ T-cells that coordinate
immune responses; B-cells that produce antibodies to target virus
and infected cells; and CD8þ T-cells, that contribute to infected-cell
killing. All three arms of adaptive immunity are relevant and work
coordinately with innate cells to protect against infections [5].
Given the key role of antibodies in protection from viral diseases, in
the development of serological tests and vaccines, but also their
controversial role in immunopathogenesis of severe COVID-19 [4],
we focused this review on humoral responses. We have recapitu-
lated current knowledge on antibodies against SARS-CoV-2, their
implications in our understanding of disease pathogenesis, and the
development of antibody-based therapies and diagnostic tools or
vaccines (Fig. 1).
e under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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2. SARS-CoV-2 entry, tropism and pathogenesis

The pathogenesis of SARS-CoV-2 infection is directly related to
its cellular tropism and the mechanisms of virus entry into target
cells. Entry of SARS-CoV-2 into cellular targets is governed by the
interactions of the Spike protein exposed on the viral particle with
cellular receptors. This is a two-step process that relies on Spike
binding to the cellular receptor Angiotensin-Converting Enzyme 2
(ACE2) [6]. This first step is mediated by a Spike domain close to its
apex that is transiently exposed during conformational move-
ments, this domain is known as the receptor binding domain (RBD)
[7]. ACE2 is also exploited by other beta-coronaviruses such as
SARS-CoV [8]. Once bound to ACE2, the Spike needs to be cleaved
by proximal cellular proteases to facilitate viral fusion with the
cellular membranes. This second step can take place on the plasma
membrane if host proteases such as the Transmembrane Serine
Protease 2 (TMPRSS2) are expressed on the cellular surface.
Moreover, SARS-CoV-2 among other human beta-coronaviruses,
uses other TMPRSS family members such as TMPRSS4 [9] or Furin
[7]. However, in cells with low membrane-expressed proteases,
alternative entry mechanisms take place via endocytic routes that
accumulate viruses in early endosomes, where a plethora of cellular
proteases such as cathepsins can prime the Spike protein to
mediate fusion within these endosomal compartments [6,10].

Overall, the cellular tropism for SARS-CoV-2 is complex and
mostly determined by the co-expression of ACE2 and host pro-
teases [11] and allows SARS-CoV-2 to infect a wide range of cell
types from the lung and different epithelia. Importantly, viral entry
has clear implications for the design of effective therapies. The
endosomal viral entry route is absent in pulmonary cells. Thus,
TMPRSS inhibitors such as camostat may be the primary option to
block viral entry [6]. At later stages, however, if SARS-CoV-2 reaches
other extrapulmonary tissues, the endocytic route could complicate
disease progression. Thus, to fully achieve viral suppression,
effective inhibitors (including antibodies) need to block both
plasma membrane and endosomal fusion to counteract infection in
the diverse tissues where SARS-COV-2 has been found [12].
Fig. 1. Relevance of antibodies in our understanding of COVID-19. Left panel show main q
while right panel enumerates the different tools developed thanks to our knowledge of an
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3. Humoral responses against SARS-CoV-2

A large amount of relevant information on antibody responses
to SARS-CoV-2 has been generated, excellently reviewed by Vabret
et al. [4], allowing for the definition of COVID-19 pathogenesis and
the development of serodiagnosis tools for designing seropreva-
lence studies.

An early study of 173 patients with SARS-CoV-2 infection
showed seroconversion in 93% of patient with an average time of 11
days [13]. Similar results are reported in other serological studies
showing high seroconversion rates between 10 and 14 days after
symptoms onset [14e17]. Antibody response peak between the
second and third-week after infection declining afterwards [13,18]
and is characterized by the presence of IgA, IgM and IgG in plasma
and saliva [13,14,18,19]. Although IgM is the first line of ng humoral
response, one particularity of SARS-CoV-2 infection is that all three
isotypes can be detected in a narrow time frame at seroconversion
[13,18,20,21]. Actually, IgG and IgA can be frequently detected even
before than IgM [18,21], indicating that the initial IgM response
may be weak, that specific IgG or IgA B-cell precursor exist in the
memory B-cell compartment or that class-switching occur rapidly
after antigen encounter. Accordingly, specific IgG (mainly IgG1 and
IgG3) can be detected 4e6 days after symptoms onset in some
individuals [20]. Therefore, the detection of IgG or IgA may show
higher sensitivity than IgM in early stages of infection [20,21]. No
clear correlation has been observed between the levels of anti-
bodies and the sex, age, or viral load [13], however they positively
correlate with disease severity. Severe hospitalized patients pre-
sent higher titter of IgG and IgA than mild cases, in which lower or
even undetectable antibody levels have been reported [13,14,18,22].

Antibody response can be directed against all viral proteins,
although Spike and nucleocapsid are considered themain targets of
humoral response [13,18,23,24]. Antibodies against RBD, appear
earlier in the course of infection than those antibodies against
nucleocapsid [23]. Moreover, anti-RBD antibodies may provide a
higher sensitivity and specificity for diagnosis than anti-
nucleocapsid responses. RBD seroconversion in patients is
frequent and fast with low cross-reactivity with SARS-CoV [20,24].
uestions related to natural infection, including the still unknown duration of responses,
tibody responses, that include vaccines, mAbs and diagnostic tools.
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4. Neutralizing humoral response

Neutralizing antibodies are considered a major correlate of
protective immunity and vaccine success [25e27]. In SARS-CoV-2
infection, these antibodies recognize several regions within the
Spike glycoprotein, mainly but not exclusively the RBD, and inhibit
viral infectivity by several mechanisms including the blockade of
initial Spike binding to ACE2 [28e30]. Two main regions of
vulnerability have been identified in the Spike, the RBD and the
adjacent N-terminal domain (NTD) [28,31,32]. SARS-CoV and SARS-
CoV-2 have a 80% homology and share approximately 75% of the
spike glycoprotein sequence [7,33]. Although, few antibodies that
exhibit cross-neutralizing activity between SARS-CoV and SARS-
CoV-2 have been identified [34], the existence of potentially
cross-reactive antibodies opens new avenues for the potential
development of a pan-neutralizing vaccines against various coro-
naviruses [31].

Neutralizing antibodies are detected in approximately 40%e70%
of infected individuals, depending on the criteria and the cohort
studied. At least 30% of patients have no detectable antibody levels
and less than 15% reach high titers of neutralization in vitro
[34e37]. An association between neutralizing antibody titer and
severity of COVID-19 disease has been observed and those who
have mild symptoms or are asymptomatic are more reluctant to
generate a neutralizing response [38]. The kinetics of elicitation of
neutralizing antibodies is similar to that reported for seroconver-
sion. Approximately 6e15 days after symptoms onset neutraliza-
tion activity is detected, although with a wide range of titers
[20,36,37]. Then, the level of neutralizing antibodies gradually de-
creases over a period of 3 months [36] with an estimated half-life of
26 days [38], although these data should be confirmed in larger
longitudinal analyses.

Neutralizing monoclonal antibodies (mABs) protect from SARS-
CoV-2 lung infection and inflammation and weight loss in mice,
rhesus macaques and other animal models [39e43]. Also, current
vaccines induce high titers of neutralizing antibodies in most
vaccinated individuals [44e48]; however, their efficacy and extent
of protection are still open questions.

5. Role of antibodies in pathogenesis and protection

As mentioned above, neutralizing antibodies are protective as
demonstrated in different animal models [39e43]. Accordingly, the
administration of convalescent plasma to COVID19þ individuals
improve their clinic status, at least in those treated with High
neutralizing plasma during early disease stages [49e52]. Actually,
no clinical benefit was observed in those patients requiring invasive
mechanical ventilation [50]. An additional indirect evidence about
the antiviral activity of neutralizing antibodies in vivo is the iden-
tification of escape mutations that avoid the binding of neutralizing
antibodies [53]. The studies performed with mAbs have also
highlighted that the humoral response encompasses antibodies
with different specificities that can work synergistically, opening
the gateway to the use of rationally-designed antibody cocktails for
therapy [30,54,55].

Beyond their neutralizing activity, antibodies develop additional
functions depending on their isotype. Antibody-dependent cellular
cytotoxicity (ADCC); antibody-dependent cellular phagocytosis
(ADCP); and complement-dependent cytotoxicity (CDC) are
important Fc-dependent functions that associatewith protection in
several infectious diseases [56]. Interestingly, S2M11 and S2E12,
two recently described SARS-CoV-2 neutralizing antibodies, show
ADCC and ADCP activities, respectively [30]. However, in addition
to the potential protective role, antibodies can also be deleterious,
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promoting infection itself or causing the antibody-dependent
enhancement (ADE) of the disease. This phenomenon has been
documented for other pathogens (dengue or RSV) [57,58] and is
mediated by immune receptors (FcRs) and the complement system,
both promoting the infection or the progression of the disease. The
fact that higher titers of total and neutralizing antibodies are
observed in severe cases of SARS-CoV and SARS-CoV-2 infection
[13,59,60], suggests that ADE might contribute to severity.
Although in vitro and in vivo evidence exist for a role of ADE during
SARS-CoV infection [61e64], current observations do not support a
strong contribution of ADE to COVID-19 severity: 1) the infusion of
convalescent plasma in COVID19 patients have not reveled any
adverse effect [49e52]; 2) non-human primates develop antibodies
against SARS-CoV-2 and are resistant to reinfection [65]; and 3)
vaccinated animals develop antibodies and do not show signs of
ADE after challenge [66,67].

6. Duration of responses, implications

Considering the relatively short time from SARS-CoV-2
zoonosis, short longitudinal information of immune responses is
available. Several studies indicate that 20 days after symptoms
onset the levels of specific IgM and IgA against SARS-CoV-2 pro-
gressively decline over 3e5 months after infection [68,69]. Similar
declines were also reported for MERS infection [70] or other human
seasonal coronavirus, whose protective immunity seems to be
short-lasting [71]. The absence of germinal centers and the lack of
Bcl-6þ TFH cells after acute SARS-CoV-2 infection [72], provides an
explanation for the low level of somatic hypermutation detected in
anti-SARS-CoV-2 antibodies [73] and predicts a short-lasting
response.

Vaccinated non-human primate and serological studies in
humans indicate that the levels of neutralizing antibodies correlate
with protection from SARS-CoV-2 [66,74]. Therefore, an obvious
risk associated with a fast decay or a poor elicitation of neutralizing
antibodies is the possibility of reinfection. Although animal models
suggests that infection induces protective immunity [65], several
cases of reinfection have been reported in humans [75,76], one of
them clearly associated with lack of seroconversion after the initial
infection [76]. A close surveillance of reinfection events accompa-
nied by serological surveys will inform on the relevance of this
phenomenon. Further dangers of low neutralization titers are
linked to incomplete antibody mediated protection and risk of ADE
or inflammatory clinical complications [77]. However, individuals
with mild-symptomatic infection elicit low/undetectable neutral-
izing activity [78,79]. A potential explanation for this paradox could
be found in virus-specific T-cells, which have been identified in
mild COVID-19 cases, individuals with close contacts with COVID-
19 patients and in healthy donors sampled before 2019. Thus, T-
cells primed by other human coronaviruses may control SARS-CoV-
2 replication, making unnecessary a large activation of the B-cell
immune arm [80,81].

7. Conclusions and future directions

The large efforts aimed at understanding the interplay between
SASR-CoV-2 and the immune system have paved the way for an
extraordinary fast vaccine development and the design of clinically
tested mAbs as new therapeutic tools. However, our deep knowl-
edge of early responses contrasts with the lack of information on
the protective efficacy of antibodies overtime. This is particularly
relevant, because the answer will strongly impact the course of the
pandemics. Additional questions, such as the reasons behind the
large diversity in antibody levels and the lack of seroconversion in



J. Carrillo, N. Izquierdo-Useros, C. �Avila-Nieto et al. Biochemical and Biophysical Research Communications 538 (2021) 187e191
some individuals, and the role of T cells are still being investigated.
A comprehensive analysis of all immune processes involved in virus
control will be required to fully control the pandemic.
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